Purpose (1) To describe the neutropenic response of BI 2536 a polo-like kinase 1 inhibitor in patients with cancer using a semi-mechanistic model. (2) To explore by simulations (a) the neutropenic effects for the maximum tolerated dose (MTD) and the dose at which dose-limiting toxicity occurred, (b) the possibility to reduce the cycle duration without increasing neutropenia substantially, and (c) the impact of the initial absolute neutrophil count (ANC) on the degree of neutropenia for different doses. Experimental design BI 2536 was administered as intravenous infusion over 60 min in the dose range from 25 to 250 mg. Three different administration schedules were explored: (a) day 1, (b) days 1, 2, and 3 or (c) days 1 and 8 within a 3 week treatment cycle. BI 2536 plasma concentrations and ANC obtained during the first treatment cycle from 104 patients were analysed using the population approach with NONMEM VI. Results Neutropenia was described by a semi-mechanistic model resembling proliferation at the stem cell compartment, maturation, degradation, and homeostatic regulation. BI 2536 acts decreasing proliferation rate.
Introduction
Cell-cycle-targeted therapies represent a promising novel approach in cancer therapy. Mitotic kinases regulating cell division and its checkpoints are considered particularly attractive targets for new therapies. The Polo family of mitotic kinases have been identified as important regulators of cell division [1] . Polo-like kinase 1 (Plk-1) controls several key steps in the passage of cells from G2 to M phase and through the M phase [2] . Inhibition of Plk-1 results in cell-cycle arrest with subsequent induction of apoptosis, making Plk-1 an attractive target for novel therapeutic approaches in cancer.
BI 2536 is an inhibitor of Polo-like kinase 1 (Plk-1) currently in clinical development. This compound induces cell-cycle arrest, apoptosis, and tumour shrinkage at tolerable doses in preclinical tumour models [3] . In the clinical setting, these effects may hopefully translate into tumour remissions in patients without further treatment options [4] .
The most relevant side effect of BI 2536 administration is expected to be a transient inhibition of proliferation of normal dividing cells in mucosal tissue and bone marrow. Neutropenia is currently the most common toxicity associated with the administration of several cytotoxic anticancer drugs [5] and proved to be the dose-limiting toxicity in Phase I trials for BI 2536 [4] . Thus, establishing the relationship between drug concentrations and neutropenia for the optimisation of doses and administration schedules is invaluable.
Design of Phase II studies of new anticancer compounds is usually based on the pharmacokinetic and the side effect profiles obtained during small Phase I studies in patients with advanced cancer. Efficacy data are often limited in these studies due to inclusion of different tumour types and the advanced disease state of the patients [6] . Over the last years, the time course of neutropenia or other drug related haematological toxicities have been modelled linking the pharmacokinetic (PK) model with a model that describes the haematological toxicity [7] [8] [9] [10] [11] . Among these approaches, the model developed by Friberg et al. [9] has been applied repeatedly to describe the time course of myelosuppression after administration of several cytotoxic anticancer drugs [12] [13] [14] [15] [16] [17] [18] [19] . In addition, this model has successfully been applied in the scaling of the time course of myelosuppression from rat data to patients showing its usefulness in the drug development process [20] .
The first objective of this analysis was to describe the pharmacokinetic properties of BI 2536 and to correlate the PK with the neutropenic effects of BI 2536 using a semimechanistic modelling approach.
In the design of clinical trials, the choice of the appropriate dose, dosing schedule, sampling, and patient inclusion and exclusion criteria have to be considered carefully. Given the fact that Phase I clinical studies in oncology generally involve a very small number of patients with heterogeneous advanced cancer per dose level and that a very reduced number of different dosing and sampling schedules are considered, it would be of great interest to evaluate the typical neutropenic response in larger (simulated) populations of patients with cancer receiving BI 2536 under different clinical scenarios.
Therefore, the second objective of the current work was to use the PK/PD model developed for BI 2536 to explore using simulations (1) the neutropenic effects for maximum tolerated dose (MTD) and the dose at which dose-limiting toxicity (DLT) occurred (Sim I), (2) the possibility of reducing the dosing interval from the original 3-2 weeks without increasing neutropenia substantially (Sim II), and (3) the degree of neutropenia for different doses depending on the initial absolute neutrophil count (ANC) level (Sim III).
Methods

Patient population
Data from two multicentre, open label, dose escalation, Phase I clinical trials in patients with advanced cancer were used for the current analysis. All participants provided written informed consent consistent with ICH-GCP (International conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use-Good Clinical Practice) and local legislation, once the nature and the intention of the investigation were fully explained. The studies were performed in accordance with the Declaration of Helsinki and were approved by the institutional review board of the ethics committee at each study site.
Data from 104 cancer patients with confirmed diagnosis of advanced, non-resectable, and/or metastatic solid tumours who had failed conventional treatment or for whom no therapy of proven efficacy existed were available for analysis. Additional information about the study e.g. inclusion and exclusion criteria has been reported elsewhere [4] .
Study design
Drug administration
Patients were administered BI 2536 at doses ranging from 25 to 250 mg as intravenous infusion over 60 min as part of a 21-day treatment cycle. BI 2536 was not dosed per kg or per m 2 , all patients in each dose group received the same total drug amount. For example, and on the basis of the mean weight and body surface area values in the studied population [73 kg and 1.85 m 2 , respectively (Supplementary Table I )], the 250 mg dose corresponds to 3.42 mg/kg, and 135 mg/m 2 , respectively.
Subjects on the first study received doses either on Day 1 (Schedule A) or on Days 1, 2, and 3 (Schedule B). Subjects in the second study received doses on Days 1 and 8 (Schedule C). None of the patients included in the analysis had received treatment with granulocyte colonystimulating factor (G-CSF).
Pharmacokinetic measurements
Venous blood samples (4 mL) were sequentially drawn during the administration days, and up to 168 h after drug administration. Assay of BI 2536 in plasma. Plasma concentrations of BI 2536 were determined using a fully validated high performance liquid chromatography tandemmass spectrometry (HPLC-MS/MS) method using electrospray ionisation in the positive ion mode and [D 3 ] BI 2536 as internal standard. Chromatography was achieved on an analytical reversed phase HPLC column with gradient elution.
The calibration curves of undiluted plasma samples were linear over the range of concentrations from 0.500 to 500 ng/mL of BI 2536 BS using a plasma volume of 100 or 50 lL. The method showed inaccuracy and imprecision (CV) values below 11%. The lower limit of quantification was validated to be 0.500 ng/mL BI 2536 BS, whereas the upper limit of quantification was 500 ng/mL of BI 2536 BS in plasma samples.
Absolute neutrophil count measurements
Absolute neutrophil count (ANC) was determined in blood by standard clinical haematology methods.
The characteristics of the patient population from both clinical trials used for the current analysis (classified by schedule), dosing information, and the complete sampling design for pharmacokinetic and for ANC analysis are presented in Supplementary Tables 1 and 2 and Supplementary Fig. 1 , respectively.
Data analysis
The modelling was performed sequentially using the population modelling approach. Only data from cycle one was available for the analysis. First, the PK model was developed and then the time course of ANC was modelled using for each patient the respective individual model predicted PK parameters.
The First Order Conditional Estimation (FOCE) method with the option INTERACTION implemented in the software NONMEM version VI [21] was used for parameter estimation. Graphical representations and generation of simulation results were done with the S-PLUS Ò 6.1 Professional Edition (Copyright 1988 (Copyright , 2002 Insightful Corp.) software and R software.
Pharmacokinetic model
The time course of BI 2536 plasma concentrations was described by compartmental models parameterized in apparent volumes of distribution, intercompartmental clearances and elimination clearance. One-, two-and threecompartment models were tested. As the dose levels administered ranged from 25 to 250 mg, models accounting for concentration dependencies in PK were also investigated. Initially the amount of BI 2536 in each of the compartments of the model is equal to 0.
Semi-mechanistic model for absolute neutrophil count
The semi-mechanistic pharmacokinetic/pharmacodynamic (PK/PD) model previously published by Friberg et al. [9] were initially fitted to the ANC versus time data using the individual PK parameters determined by the PK model. In short, it consisted of a system dependent and a drug dependent part. The system dependent part resembled in a simplified manner the underlying physiological processes determining the ANC in the circulation: (1) proliferation at the stem cell compartment, (2) maturation, represented in the model by three transit compartments, (3) degradation, and (4) homeostatic regulation: 1-4 can be described by the first-order rate constant (k prol ), the mean transit time (MTT), the first-order rate constant of degradation (k circ ), and the feedback parameter (c). Circ 0 represents ANC at baseline. In the model k prol = k circ = k TR , where k TR is the first-order rate constant governing the transfer of immature cells between the transit compartments computed as (n ? 1)/MTT, n, being the number of transit compartments included in the model. Before drug treatment, the initial conditions in the stem cell, transit, and circulating compartments are the same and equal to Circ 0 . The drug effect was represented by the parameter slope and included in the model as follows: k prol 9 (1-slope 9 C), where C was the predicted BI 2536 plasma concentration. The semi-mechanistic PKPD model is schematically and mathematically represented in Fig. 1 .
Variants to the Friberg et al. [9] model including (1) the sigmoid E MAX model to describe the drug effects, (2) the incorporation of an effect compartment model as it has been reported previously [8, 19] , (3) a zero order process to described the rate of proliferation in the stem cell compartment [8] , (4) different number of transit compartments, (5) and the use of a different model to account for the feedback mechanism as suggested by Panetta et al. [10] were also fit to the ANC versus time data.
Inter-patient variability (IPV) was tested for significance in all model parameters and was modelled exponentially. Residual variability was described using a combined (additive and proportional) random effect model. If during the analyses one of the components of the combined random effect model was found to be negligible it was deleted.
Model selection
The minimum value of the objective function provided by NONMEM, approximately equal to -29 log (likelihood) [-2LL], was used as a guide during the model development. For two nested models a decrease in 3.84 or 6.63 points in -2LL for an extra parameter was considered significant at the 5 or 1% level, respectively. Since some of the models compared were not nested, -2LL was not used directly for comparative purposes, and the value of the Akaike information criteria (AIC) [22] computed as -2LL ? 2 9 Np, where Np is the number of the parameters in the model, was used instead.
In addition to the -2LL or AIC values, parameter precision, expressed as coefficient of variation [CV(%)], and computed as the ratio between the standard error and the model parameter estimate, multiplied by 100, and the visual inspection of the goodness-of-fit plots, which shows model performance regarding existing data, were also used as criteria for model selection. The model with the lowest -2LL or AIC value and acceptable parameter precision supported by the goodness-of-fit plots was finally selected.
Covariate model selection
The list of individual characteristics that were explored for covariate effects is presented in Supplementary Table 1. Once a model providing an adequate description of the data without the incorporation of covariates was selected, patient characteristics were explored for significance using the generalised additive model (GAM) approach [23] implemented in the software Xpose version 3 [24] . The covariates initially selected during the GAM analysis were further tested for significance in NONMEM using the forward inclusion and backward elimination approach. During the forward inclusion and backward elimination, the significance levels used were 5 and 1%, respectively.
Model evaluation
The selected PK/PD model was further explored by visual and numerical predictive checks.
Visual predictive check
1
For the maximum tolerated dose (MTD) of each dosing schedule, A, B, or C, one thousand PK/PD time profiles were simulated. Then the 5th, 50th, and 95th percentiles of simulated data were calculated per sampling time point and represented together with the raw data.
Numerical predictive check
One thousand datasets having the same characteristics as the original dataset were simulated, and for each dataset, the percentage of patients showing neutropenia grade 4, the mean ANC at nadir, and the mean time to nadir were computed. Then, the overall mean was calculated for each of the descriptors using the thousand values and compared to the same descriptors calculated from the raw data.
Model-based simulations to support clinical development
During simulations, the following clinical descriptors were calculated: (1) Fig. 1 
), (3) time to nadir after the start of each treatment cycle (T nadir ), and (4) time to recover to baseline ANC after the start of each cycle of treatment (T recover ).
Always ten thousand ANC versus time profiles were generated for each simulated condition taking into account interindividual variability together with parameter uncertainty. The duration of the intravenous infusion was always 1 h. For simulations Sim I and Sim II, two different dose levels (low and high) were used for each dosing schedule (Schedule A to C in Supplementary Table II) . Schedules A Low , B Low , C Low and A High , B High , C High correspond to MTD and doses at which DLT occurred, respectively. For Simulation III, only Schedule A was evaluated. As in the original clinical trials, in each simulation, dose group all subjects were assumed to receive the same fixed dose regardless body weight and body surface area.
Sim I
The neutropenic effects (%G4, %G4 [ 7 days, T nadir and T recover ) for the MTD and doses at which DLT occurred were studied using simulated ANC versus time profiles Sim II ANC versus time profiles were simulated for each of the MTD and doses at which DLT occurred considering three cycles of treatment in which BI 2536 was administered every 2-3 weeks. The %G4 was then calculated for each cycle Sim III ANC versus time profiles were simulated after administration of BI 2536 doses ranging from 100 to 300 mg according to Schedule A, and ANC levels at baseline from 1 to 12 9 10 9 /L, resembling the range observed in the population studied, and %G4 was then calculated
Results
A total of 1,360 plasma concentrations and 752 ANCs obtained from 104 patients during the first cycle of treatment were available to develop the PK and PK/PD model.
Pharmacokinetic model
A three-compartment model described the PK data significantly better than a one or a two compartment model (P \ 0.01). IPV was included on the total plasma clearance (CL), the apparent volume of distribution of the central (V 1 ), and the apparent volume of the peripheral compartments (V 2 and V 3 ). The off-diagonal elements of the X variance-covariance matrix were not supported by the data (P [ 0.05). Residual variability was best described with a model combining additive and proportional terms. Table 1 shows the population PK model estimates of BI 2536 after intravenous infusion. The parameter precision was high with CV less than 20% for the typical model estimates. IPV was moderate (CL) to high (V 3 ). The calculated g-shrinkage was less than 15% with the exception of V 2 (31.2%) indicating that empirical Bayesian Estimates and results from GAM analysis were reliable.
During model development, no indication for dosedependent PK was found suggesting linear PK. Although gender, body mass index, height, age, and smoking and alcohol status were selected from the GAM approach as significant covariates, none of these were found to have a significant effect on the PK characteristics once they were incorporated in the NONMEM model (P [ 0.05).
Figure 2a in supplementary material shows two goodness-of-fit plots confirming the adequacy of the model in describing the typical and individual PK profiles; the latter was additionally supported by the low value of % e-shrinkage [25] . The individual and typical BI 2536 plasma concentration versus time profiles for six subjects chosen at random (Fig. 2a) , and the results from the Visual Predictive Check (Fig. 2b) indicate that the selected PK model is supported by the data and provides a good description of the mean tendencies and of the variability of the raw data.
Semi-mechanistic model for absolute neutrophil count
The model originally proposed by Friberg et al. [9] described the data very well and provided model parameter estimates with good precision (Table 1 ). The data supported the estimation of IPV for Circ 0 , MTT, and slope. Residual variability was best described by a combined random effect model. The use of a sigmoid E MAX model, the addition of an effect compartment, and increasing the number of transit compartments did not improve the model performance significantly (P [ 0.05). However, describing the proliferation in the stem cell compartment by a zero order rate process, using a different model to account for the feedback effects [10] , and decreasing the number of transit compartments resulted in a worse fit. During the GAM analysis, gender was selected as covariate for MTT, and body surface area (BSA), administration schedule (SCH), and also gender, were selected as covariates for the slope parameter. In the final covariate, selection process performed in NONMEM, BSA, SCH, and gender gave similar decreases in -2LL [14.3-16.7] (P \ 0.01); however, none of those three covariates reduced the estimate of IPV on slope by more than 5%.
Simulations were performed to explore the impact of dosing schedule on the time course of ANC; the results obtained indicated that the SCH effects were negligible. BSA and gender were highly correlated and therefore they are confounded covariates. The slope estimates suggested that female patients or subjects with lower BSA were more sensitive to BI 2536 neutropenic effects. Based on recent results obtained in a Phase II study (data not shown) that did not support the gender or BSA effects on slope, no covariates were included in the model. Table 1 lists the population parameter estimates corresponding to the selected model. All parameters were estimated with adequate precision. The calculation of g-and e-shrinkage gave values B21%.
The goodness-of-fit plots ( Supplementary Fig. 2B ), the individual and typical ANC versus time profiles for eight subjects chosen at random (Fig. 3a) and the results from the Visual Predictive Check (Fig. 3b) indicate that the selected model for ANC versus time data is supported by the data and provides very good description of the mean tendencies as well as the variability seen in the raw data regardless the dosing schedule given to the patients. Individual profiles corresponding to panels 1, 4, and 5 shown in Fig. 3a show clearly the rebound phenomena during neutrophil recovery process controlled by the parameter c.
The mean values for %G4, mean ANC at nadir and mean time to nadir obtained from the numerical predictive check (14%, 2.1 9 10 9 /L, and 10 days) were very similar to those obtained from the observed profiles (18%, 2.15 9 10 9 /L, and 9.5 days, respectively), providing additional support for the selected model.
Model-based simulations to support clinical development
Sim I Table 2 lists a summary of the results for this set of simulations. As expected all DLT doses showed greater toxicity than MTD. A High and C High show results of %G4 and %G4 [ 7 days greater than 26 and 10%, respectively. B High shows slightly greater toxicity than A Low . On the other hand, %G4 and %G4 [ 7 days were below 22 and 8% for all MTD. Another expected result is the delay in achieving the nadir and the time to recover found in C Low and C High . Regarding T nadir and T recover , no differences were found between low and high doses in any of the three schedules Sim II For all the administration schedules simulated and considering cycles of 3 weeks, %G4 did not increase during the second and third administration cycles compared to cycle 1 indicating that a 3 week period is at least sufficient to recover from BI 2536 neutropenic effects. Similar results than for the 3 weeks cycle were found for Schedules A Low and A High and Schedules B Low and B High when cycle duration was reduced to 2 weeks opening the possibility for these particular dosing schedules to increase patients' exposure to BI 2536 without compromising neutropenia. For the other schedule (C Low , C High ) a reduction of the cycle duration to 2 weeks led to an increase in %G4 of 9-15%. All those results are displayed in Fig. 4a Sim III Figure 4b shows the profiles corresponding to three dose levels. The plot shows also the impact of interpatient variability and uncertainty in model parameters. Simulations show that the %G4 was always less than 30% for baseline ANC levels greater than 10 9 10 9 cells/L. Baseline ANC levels of 4-6 9 10 9 cells/L resulted in %G4 greater than 30% for the 300 mg dose and the ANC levels of 2-3 9 10 9 cells/L resulted in %G4 greater than 30% for doses greater than 200 mg. Those results suggest that baseline ANC might be considered when dosing BI 2536
Discussion
This study provides the first population PK-neutropenic response model for the Plk-1 inhibitor BI 2536 in patients with cancer. BI 2536 pharmacokinetics were described by a three-compartment model for which the total apparent volume of distribution calculated as the sum of V 1 , V 2 , and V 3 is about 1,600 L, which greatly exceeded the real physiologic body volume, suggesting a significant distribution into tissues. The degree of unexplained variability associated with CL for BI 2536 (49%) is within the observed range (14-60%) of compounds that are currently being used or tested in cancer therapy: trabectedin, diflomotecan, docetaxel, epirubicin, pemetrexed [14-16, 19, 26] . The terminal elimination half-life was about 20 h. 0  7  14  21  28 0  7  14  21  28 0  7  14  21  28 Time ( BI 2536 showed linear PK properties within the dose range studied, and demographics such as total body weight, BSA, and gender did not show any significant covariate effect. The time course of the neutrophil counts after the administration of BI 2536 was adequately described by the semi-mechanistic model previously proposed by Friberg et al. [9] . The estimates of the system related parameters (Circ 0 = 4.96 cells 9 10 9 /L, MTT = 4.45 days, and c = 0.161) and their IPV estimates were very similar to those reported during the last 7 years for a variety of different anticancer drugs on the market or in development: 4.46-5.81 9 10 9 cells/L for Circ 0 , 3.65-5.62 days for MTT and 0.119-0.23 for c [9, [12] [13] [14] [17] [18] [19] . The model selected in the current analysis is well established and has shown consistency in the system related parameter across several studies involving different anti-cancer drugs [14] [15] [16] [17] .
Absolute neutrophil count-time profile VPC
The inter-patient variability of the slope parameter was high (65%) for BI 2536, however, the value was within the range reported for other anticancer drugs: 40-82% [9, 12, 14, [16] [17] [18] .
Results obtained from the covariate analyses showed that dosing schedule, gender and BSA elicited significant decreases in -2LL with marginal reduction in IPV, when they were incorporated as covariates for the parameter slope. Simulations showed that the impact of the different schedules was negligible. Several authors have suggested that female gender is among others a significant predictor of neutropenia and is considered a risk factor in the Guidelines for the use of Colony-Stimulating factors in Managing Neutropenia [27] . However, gender was not found as a clinically relevant covariate in PK/PD models for neutropenia although a statistical significance was shown [19, 28] . For BI 2536, the gender and BSA effects were not supported by recent data obtained in a Phase II study (data not shown) and therefore dose adjustment due to gender or BSA is not warranted. It is important to mention that those findings are based on model parameters obtained from only the first cycle of treatment assuming therefore no cumulative effect of the drug during consecutive cycles of treatment. Further clinical studies to investigate this assumption are required.
To summarise, a semi-mechanistic PK-neutropenic response model for BI 2536 was successfully applied. The model was used for various simulations and appeared to be a very helpful tool to support further clinical drug T nadir time to nadir, T recover , time to recover baseline, %G4 percentage of patients developing grade 4 neutropenia, %G4 [ 7 days percentage of patients developing grade 4 neutropenia for more than 7 days a MTD (maximum tolerated dose) for the investigated schedule development. In particular, to explore the convenience of reducing the dosing interval from 3 to 2 weeks (assuming that it would increase the chance of showing tumour response), and the possibility to individualise the dose based on the ANC level at the start of the treatment. 
